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Abtru\

A model fcr lhe ~rmp+off Imyer (SOL) in Revcmed-Field
Pinch- (RFPI) wu developed to evmlrmte the wull h-t flux
distribution in CPRF/ZTH. llaign options for hifi heat flux
ueu have k Au*ted. A dnltm element model wu used
to detia the frontiu.rfmce kmperttum md the thermally -
i.nducal ~t~ in the grsphitt.

Isttroduc 1011t

A IimpllEied model for the ~rq+off layer (SOL) in -
Revti-Fleid Pinchm (RFPa) hw & developed u-id

—.

applkd ‘a CPRF/ZT!4. Tht ob~tiva of lhk uercim ue (s)

to detamine the serultivlty d the wmll heat flux distribution
Temcu pololdd U@U m ● function of pluccrA paitkm, (b)
to atlmate the hat flux entmcemont raultlng from the
removal of armor or wdl matarid, UIJ (c) to atlcmte the
imp~t of mmgnellc flald errom on the hed flux dietrlbution.
The heat flux dbtributlon In the SOL W- uumd to EM
d~ribd by u expcntmtid with ~ chuutuistk ~rspe-otl

Ia@h (Al = 0.02- 2. Ocrn). Both rsdhl s.nd pudlel (dcms (.)
Md-linm) trwupert wu couidered. lo RFPI, s oigniflcutt
elatrou drUt veloci!y, compti with the thermal velalty, la
otmmai. This cl, uacbrlstlc multi In U-I●nhucancot in the
best liux by ● factor of 2 for mndl (- 0,25A1) quillbrium
nhik, Addltlond pe~ing of tho best 6UX rmulti from Iqer

(20.25AI) equl!ibrlum shifti and/or the remov-d of MCtIOM d

tho ucnor, Whan s oation d tho mmor b removed (~uch u in
the = of porti) and tba oqulllbrlum k shifted, th~ held Iinu
can Intucept neuby umor ~nts at ~glm that prduce

p-mkkIg factors (PFc) In tha rm~ of 10- 1~ Tho umor
~nti ad]uant to tho miming umor ssgmant, thomforo,
mut b contour-d to Aucc the he~t 9UX ta m ucaptsble
k!. TtIe front-turf=a tompcrmtu.ra h~va kn atlmded
tor ht tlk wlih tho nominal md codmum tlrn~dapandent
heat fluxa mntklp~ted for ZTH, The muimum front surfue
temperature k atknmtA to be IWO K SL the dmlgn point.

w~

The bNic wumption of thlr mod?l in that the ener~
density dlstrlbutlon In tha ccra~ff layer (50L) cm be
d-rlbed by the followlng mlationehip:

UI = woe
_ t.!+

(1)

where r b the rdlw of tho piuma In the SOL, ~ b ttro rdlu
of tho l~t claed flcld Ilnc, Al b lhe chuacterletic scrape-JT-
Iength, wo Is th- ●mra delmity ~t radius a, t~d w(r) In tha
ener~ derwlty at mdluc r , The plumt-wall interutlori k
modeled u shown In Fig. I, where the plums h - cyllnder of

rdl~ (a), which can be offMl from c l~rner cylinder of wall
umor of radlu t, The horlsorltal chift of ihe plums column 11
Aa, nd 4 b the un~le me~ured from the m~or radlml dlratlon
(horkontd). Thle model cdculstm the norrnml heat ffux to the

wall for s glvan pl~ma nhlft of the cer. trold of the core plum-

ral~tlv~ k the centrold of the flint wall. Flux surf~m ~re
-umwd to be concentric shout the cor~-plssma surftia,

—-— —.—
“ WA pwfm-rnul ,ndm the mmopkad US, ~putmoni of b-y

Fg. I

(b)

Modal used for calculating the plurowwall InteractIon,
Dlqrun (b) shows the uet of Illtersctlon In detail,

Hemt flux to the w-II Is ueumed to cot-ml-t of three
pItJ: (t) pudlel-t~mqnetlc-field-llnfi convection (qll), tlong
Uu,r suIfua which Intemat thm wall; (b) rmdld ditluslve

trkmpolt (q, ) chuuterlsd by ~ ditTusion coefficient (D) ●nd
● rljdlm.1udc length (Al), ud (c) R r~dld rdimtlon heat flux
ch~r~te)’lmd by m core- plssmt r-dlstlon frmtion (/nA~ =
PR~ D/Pror), fior b tho tothl ~ource of power to the plum~

cora, UId PnAD la tho core rsdlmted pnwer, Ed~+plmsma

(2)



where

q = Wull

w~ !RADfiOT

“=<+ A

(3)

(4)

rDL
A~= — (5)

t’11

A = 2rrZ. (6)

Previously undefl.oed m.risbb imlude: the angk betwam ●

held Ihre md the wall (a); the 9UX ourf~e ares (A); the net

Euid vehity of ekctrorm psrdlel b the field limm (Vll); Ud the

plasma kmgth (2). The ●vurage held line length thst ●nergy b
~r~~por~ kk$ng (~), U _t[UISbd b b4 ~ = 2Zr/n D fOr the
RFP, wham nD b Lhe numb of dLratlons of en- flow ud
it b~ ● vduc of either 1 or 2. This nD = 1 option u included

becmuM the ZT-40M RFF’ aparimant ahibib preferential
energy flow in the diration of t !atron drift.

The sverage hem. tlm to the WAII(~), b ~iven by

PTQT 1

/

+-
*=—.

Aw A.(1 – jRAD) .
qllznDdr

Thus, PF CM be writtun:

(7)

(8)

The heat flux dktrlbution, normdl~d to the sverage wall
bca~ HIM, for s continuow cyllndrlcdly shspod wall u shown
u s function of pololdd ugla (#) In Fig. 2. For thw
cdcul~tloru, (As/Al) wu vuied ovu the rmnge O - 4 mnd

/RAD = 0. M~roum pFs Md co~pondlru po~ld~ UIdU
uc plotbcl, In Fig. 3, VWBLUthe mhlft of the plums column In
unlti d Al. The maximum pm.king futors ~ from m 1 – 8
for shih of O – 4A1, and the Mgle of mulmum flux decre-
from W“ (for very smmll shif~) to h Lhm 30”.

U the plasma ohlfts vertically, the hemt dux dlslribulloru
we the suoc u cdculmt.d In Fig, 1, but the syMco.trY UIJ b
no longer 1orlsonh.1. The nuw Ub b Slvon by ● Ilno throu~h
tho ubof th~ wmor ud tho n= UIX of tho plmsmm, The angle
b dctarm.lnd from tui (Az/An) whom Az b the vertlcd shift

When ● oocflon d tho urnor b removod, tho tlold lln-
lnkrc~pt lha Utnor ●t ~ ckmr to normal u@. Thb CU.
b Illutr*ted In FIP. 1s. Md lb, where tho mctlon d wdl
umor mmawcl b botwun mglm @I ud t~, For the umor
lmmAlaI~ly below s mkslng umor qmont (In the electron
knv direction), tha enhmcomont factor k glv~n by

(2 FC)(4, - ~,)]wo.— -
(r, ‘ii)/cos(t, - +,)

(9)

uid IS ●pproxlmstdy cqud tho pololdd length of tho mlsslnK
wmor ~mont dlvldcd by th~ Incrcmcntal rrdlu (rl - ri)
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defind by the edga of the miulng umor. I?nhu-icornenti In
the range of 10-- Jm Curur’ therefore, th- mhape of the tlla
ourroundln~ the ~mkln~ ucnor must be contoured ta hen the
host flux to m ucopi~blc Ievol,

Trmoport *IM occurI within the UeI of tho mlssin~ srmor

Md the hemt flux axtencb beyol, a thm rsdlus rI. Thb truuport
cm be modeld uolng the ~u-uo bwlc -umptlons u In Eq, ]:

(lo)



Mu mumHi eat Flu $ p&if3cations

When grmphite u d u the mmor material, thermal
sublimation limits the front-our-face temper~ture, d,lring the
Iht-top phaw of a plasm d“~ha.rge, to 2203 K. A more
conmm-mtive v-due of 1~ K wu chwen u h demign point to
avoid normal operation mmr thin upper limit, Redepaitlon of
the evolved ●toms on cooler meea of the graphite ucoor will
act to lower the contuninution level ud the loc Rl m~imum
temperstu, c cm be larger thmn 15CKIK if the nurfacc area
dfmted is only c ommll fraction of the total ue~. The
“initial umor temperature “u determined by the liner/~or
besting oyntem md will be feedb~k-controlled to m np+cific
temperature within ● ruge of 23° C to 200” C.

For the pu~ of eduntion, four phwm of the ZTH
d’khxge - identlhed. Approximate puuneter Au= for 4

MA operation ue givan In Table I, md the ZTH d~ign point
parsmekrm ue given “mTable 11. The tim.eaverud (over the
duration of the dischqe) wdl hemt tlux u 0.13MW/m2. With
A limit on the grsphite front nurf~e temperature of lS#l K

~d with s.n initial temperature of 473 K, the muimum tiroe-
mver~ed wdl hemt flux (for ATJ grnphite) u 13 MW/m’.
Therefore, the ●llowable PF k 18 for thae conditions,

T4BLE 1. APPROXIMATE PARAMETER VALUES FOR

ZTH 4MA OPERATION

Disc huge Time scale AverWe(Muimum)
Phue (m) Power input *L

Dmign Point
(Mw)

Start-up to 2 MA 50 50 (140)

Runpto4 MA 4CU 21 (00)

Fist-tap m 28 (80)

Runpdown ~ 4~ 14 (40)

TABLE II, DESIGN POINT PARAMETERS FOR ZTH

———. .—. .
Parameter— —.–

PIurna Current

Poloidal Pield M~netlc Energy

Plum,~ Klnetlc Energy

Fint VI*II Oper*tlnC Temperature

Flrwt M’*I1Fhkeout Temper~ture

Fir-t Will Arm

Msximurn Front Surface Temperature
End of Flat-tsp Ph~e

Mlnlmunl Current Termln~tlon Time

—
value—
4 MA

36 MJ

1. I-2,2MJ

300-523 K

.573 K

36 mz

IMml K

Lorru

Approxlrn-te Total Energy to the
Flrlt-Wsl, for Full Dlcchcrg~
Duration 22-44 MJ

In ohmlctlly hosted iobmmhs, the flux of putlcl~ tlong
the Ileld Ilnm LIalmost equal In both cllrectlonm, which cuggwk

● thermsl dlstrlbutlon with no unldlrectlonal drift velocity, [n
RFPs, how~vmr, ● nl~nlflcant electron drift velor Ity, compsred
with the therml~l velorlty, Im obeerved, Thli ch~ru, tcrlmtlc
rmul- In M enhnncemen( In the heat flu R by s factor of

TABLE 111. HEAT FLUX PEAKING FACTORS (PFE)

.——.
Source Value

Anisotrophy in Heat Flux
ud > 4.0

Equilibrium Shifts red/or
Liner/Coil Tolerance

Operntiond Vari~tionn = 2,5

Tile Shape Futor u 2.0

Misoing Armor Segmentn 10- lam

N 2 for Imger (Aa ~ 0,25 ,Jl) quilibrium nhifta and ior the

remrrvd of sectloru of the armor.
Tolerance in coil construction, coil p!wement, liner

construction, liner support, shell construction, and the

~pplicttion of ur incorr=t vertical field we exuoplm of field
errorn that wIII produce s general quilibrium ohift with reepect
to the umor In ZTH. The khnicd dmign criterion for the net
effect of th~ variatioru “ia + 5.Omm. The ohift in !he flux
surfacm from th~ ●rrorn can e~ily be on the order of 1.0 Al,
which HUIU In s PF N2.0,

The PF indic~ted in F;z, 2 u the net PF for both the
anisotrophy Md the equlllbrir]m mhifta and u s 4.0 for the
conditions indicsted above. U the mi.sotrophy di-sppemed,
the PFs ~lsted with both the snisotrophy ud ohifti of the
plums column would decrease. The utitrophy b ~isted
with ~ luge VIIand acorrapondlngshort Al. As AJ gets luger
the PF raultins from the mhift of the plasma will decreua.

Utht tlla ue wed, the ulsotrophy In hemt flux will rault
in mat of the heating beln~ dep-ited on only one-half of the
curfue. The wultlng PF = 2. Sh*plng the tiles to h-ve s
r~dlus of curvsture of 1 would eliminmte this PF. Tapering the
murface of the til~ cur dsc. signlflcutly lower the PF.

To obtdn relevant physlu dats, the oper~tlng conditions
will be varied. In general, thb vuiance will rault In mn incre~e
In the input power -d ● rorrcspondln~ PF of ~ 2.5.

The wrrca of the PFs Md their ●pprox)mate vnlu= hre
summ~laecl In Tabk III. The mlnlmum PF Is given by the
product of the 9mt thrm PFI In Treble 111 wd hu ● vmlue of
IO (If the tlla No sh~ped) snd 20 (If the tllea mre not shsped).
In the uems d mbln~ wmor, the PF w!II be much luger, and
it will be necauy to -hope the mrmor In the ue~ uound the
mlulng wgmenwl

Dalgn Qpllonq

Average power Inputo < 1 MW/m2 with equilibrium

chlf~ < Al can be ~co,nmodmted In mreM III which the
umor hu bmn romov~d by the mynlt.n~trlc contouring ohown
nchem~tlcdly In Fig, 4. Fur thlm appromch, the ●rmor tllm
~round the mlmlng armor tre kpered to prutlde ~nough
ourface weh to keep the he~t flux to m uccpt-bla le~cl.
A symmetric mr~ngement would ●now both thr I)oIuI(!-I

snd toroldal currcnb to be rever-erl, which in conaldrwd mn
Importsnt phyolcfi requlren~ent. If the enrrgy flOW In the

plums edge I-mcomm more Inotroplc In ZTII compmrrd with
currently oper-tln~ rr,~hlnm, thlm murfaco modlflcmlion wuuld
be hdequ~te for < 2 MW/mi, depending on lhe demrm of

Imtrophy.
To Mcommodala the Innxlrnulrr heat fluxa with the

mtlclp~kd ●l~otrophy In h~it flu~, th~ f!exlblllty of chml~glng
th~ dlrmtlonof the curranti will probably have to bonscrlflcrd
A non~ynlnmtrlc rontourlnm of the lIIw wIII h? UMJ, u nhown
mrholllmtlrally In Fig, 5, Thn tllm(s) ●bove th~ rnlnnlng ● rmor



IPm’r -

Fig 4 Schem-tic drzwing of symmetric contouring for off-
aymmel~-uh port.

/7/ m’F—aY-MMmnY-Axmml

-Fig. 3 Schcm*tlc drawing of uyrn.metric contouring for ofl-
symroetry-ub port w!th the hlghat heat flux.

iJ(UO) t~pered towud tha pl~ma to produce s shsdow In the
uam of the missin~ mom, and the llla(n) below the mlulnc
mrror uc ttp~red *way from tho plums to provide ●outh
Clltiua xraa to kmp the hmt flux to an acceptable bd, u

th~ degrw of ulsotrophy In heat flux II 1- In ZTH, thb Iut
whernc CUI be modlflcd, u shown sc+ematlcdly In Fig, 6, k
ttcomrnod~t.e ● aroall frsctlon of the he~t flux In tha Ion drlh
dlrectlon.

h the prmnt dalgnl the umor h~ the followln~

chuul.r!nllco:
1,

2.
3,
4.

b.

RWIUIIUIU chmpo with flsl ourf~ex (22 different basic

thapa) and ].>cm thickn~.
128 tlla In tho toroldd dlrectltm.
44111- In the pololdd dlrmtlon.
Slnala support that -upplla thn eloctrlcml/thermal
conh=llon.
D.vlatlon from the lde~ I!IUXnur-far. of s I 8 mm owr tho
dlmarwlont of tho ~lla.
Tho tlb la mounted to tho Ilnor tupport structure with ●

motsl cllp, u ohown In Fig. 7, I’!rn cllp ertonds >CKI%of the
toroltlsl length of the Ille urd flh In a muhlned grc-wva on the
cclgo of the tile Two lmklrvs tmbaua provldod to saurn the
gmphlu to tha cllp,

/

Fig, 6 Figure 5 ~hematic modified for a nmall unount of heat
flux In the ion-drift direction

e

f%

Fig, 7 Schemmtlc drswlng of the tile orientation In the Ilner
and the mounting tuhnlquo.

Eu!r tllc IJ - 5.O-cm long In the poloidal dlr-tlon, The
toroldd length depen& on the m~or rsdium of the tile’m
locttion snd vula from x 1S.3 cm on the oublde muor
rdlu ta 9,6 cm cm tho Inxldc m~or rullus, The shp between
tila b m 4 mm. Tolerancu in the Ilner dlmensloru will be
mccommod~ted by cuxtom trlmmlng the dlmenmlons of etih
tile, [ndlvldud tile shspa wIII bo modlfled u neceusry to
relleve Ueu of exc-lvc he-t flux. For exunplo, In the area
of dlagnatlc Md pumping por~, the tll- wIII be contoured to
keep the heat flux wlthln acceptable Ilmlts.

An ddltlonal festurc of this umor system it the optlonml
Incorporttlon O( pumplns chu-ineb for Impurity control The
propaed lub~ue-pump IImltar would rem-e edg~plumm
putlck through a uniformly dlotrlbuted #ys@rn of OIOU and
churneh thmt perforstn the flrot-well umor,’ In ●ddition to
tho olot.o formed by the edcex of the tllm, small helm throu~h
the tile and cllp would be uniformly rfimtrlbuted over the

llle surf~e. The IIUO and dlstrlbutlon of tho hola would
be d~termlned by thermal stras trimly-b ●nd slmulhtlorrs of
plums exhaust requirements The volume behind the armor

Lila would c~rve u s “puJlva” pump during (ha plums
dlschargo.



An dtemativa b “individual tiles in the poloidal dirtition
b under consideration. Comshaped C-C compaite ringn ue
used, aa ohown in Fig. 8. An men in the drawing, th=
ringm would probably be atkhd ti the liner support rings
in fewer placa (3 am oh~). F&did forces, ouch an might
acw during curmr t krcoinntion, would be sborbed h the
mmor strwctur* iktf. Other advM~m of thb ●pprodi ue
(a] the praant liner design cu b used without mafihcmtion,
(b) the Poloicid obape wili reduce the armor PF compami with
the PF for i3attilm, (c) the thicknesn of the m-rnor and, or the
distance between the pl~ma and the liner might @enlially be
mducd, and (d) the number of individual element! in reduced.

The pokntid dkmdvantag= of thin approach me the following:
(a) fewar connectioru to the liner - used, thereby imparing
the removal of beat from tbe umor structure by conduction.
(b) The torun must ~ diaamembled to replue or repair an

mor ~ent. (c) hbdificatiorm ta the umor to minimixe
the enbmcd he-t 9LU around the ports Ue difficult. (d) The
removal of the armor in the Mea of the holes will we-ken the
armor lcdly.

A hnik element model of the urmor-clipliner- innulation-
nhell cyskm was developd to dekrmine the front-surface
temperature and the atr~ in the graphite, which result from
the heat flux during ● high- power dtihuge. The trrmaient
behavior of the oynhm for uniform heat fluxes of 0.2 kW/cml
and 2.0 kW/cm2 u shown “m Figs. O ud 10. The l.2-cm-
t~ ;ck ~aphik (ATJ assumed for the calculation) tile achieved
● muimum [rent-surface temperature of 2w” C ud a highly
non- lineu kmper-ture prollle through ib thicknem when

~x ~ iDPUt puwem of 2.0 kW/cm2 for l-s. Thb best
flux of 2.0 kW/cm2 u luger thu the anticipated daign Poht
best flux for ZTH. When 0.2 kW/cm2wu introduced, the front
surface mttdnedm maximum temperature of 1- thu KB3”C.
The tl.ma for coolln~ to xX)*C wu b cbacostkally diflerant

for the two CW. Only ● Imdl frutlon of the tobl aurfacc uea

will raelvc haat flux- u high u 2.0 kW/cma, ud thae tila

U- ax~ted to quill’ ->ta radlatlvaly with the coder tll-, a

raullin~ In W-I overull thermal decay similar to the 0.2 kW/cm2

CM.

Tensila tl~ ~lakd with the high temperature
wwre in the ran-o of 2C0J – 3.tlM PI, However, the
inconel clip must be dalgned with care. The Ilnlt.a element
model -umed s Iw heat conduct~ce (0.W2 BTU/hr-ft2-
F) d the clip Md graphite Interface that promoti ● luge
tamperatura differential betw~n the twa pu~, Greater

1
..
I

FIS. 8 Sch~matlc drawlns of tha pololdally contlnuoua C-C
compoclte ~or~thaped ●rmor mgrnantn,

rfbr I.j

Fiu. 9 GraDhite front-ourfme t.empera~ure m a funct~on of
time for * uniform heat flu- (I$) of 0.2 kW/cm2

‘r

o

TIUT fM/N/

Fig. 10 Truuient tdavior of a.rmor-cliplber- iruulation-nhall
ayotem for uniform heat huxm of 0.2 kW/cm’ and 2.9
kW/cm2.

thermal axpu.olun by the ~raph~’e :ould lead to clip prawure
th~t Is not dlstrlbukd evenly over the graphite-c]ip interface.
U hl~ pmum UeU develop, tensile straaaa in axcu of
the allcrwablo mulmum (mm pal) could rault. A three-
dlmarulorml model of thb Intarfua would be mqulred to fully
quantify th- effmk.

9unAsrlw
A nimplitled modal hu bean wed (a) to determlna the

m.emltlvlty of tho pololdal heat flux dbtributlon m a function
of plums paltlon, (b) to atlrnata the heat flux al.h-ncement
raultlng from the removal of armor or wall rrmtarial, and
(c) to atlmate tho Impact of magnetic field errors on the
heat flux dlntrlbutlon. The umor ~ments uound ● rn!mlng
armor ~ment must bc contoured to keep the heat flux

to an acceptable level. 7’1,- front-curfaca bmparature ●nd

tha {multl~g mlrasu hava been obtalnad for flat tllm with
02 kW/crnl ud 2.0 kW/cm2 tim~dependent h~at huxu.


